in males, defective reproductive traits induced by an exposure to an endocrine disruptor are transmitted to future generations via epigenetic modification of the germ cells. Interestingly, the impacted future generations display a wide range of heterogeneity in their reproductive traits. in this study, the role that the Y chromosome plays in creating such heterogeneity is explored by testing the hypothesis that the Y chromosome serves as a carrier of the exposure impact to future generations. this hypothesis implies that a male who has a Y chromosome that is from a male that was exposed to an endocrine disruptor will display a more severe reproductive phenotype than a male whose Y chromosome is from an unexposed male. To test this hypothesis, we used a mouse model in which F1 generation animals were exposed prenatally to an endocrine disruptor, di-2-ethylhexyl phthalate (DEHP), and the severity of impacted reproductive traits was compared between the F3 generation males that were descendants of F1 males (paternal lineage) and those from F1 females (maternal lineage). Pregnant dams (F0 generation) were exposed to the vehicle or 20 or 200 μg/kg/day of DEHP from gestation day 11 until birth. Paternal lineage F3 DEHP males exhibited decreased fertility, testicular steroidogenic capacity, and spermatogenesis that were more severely impaired than those of maternal lineage males. indeed, testicular transcriptome analysis found that a number of Y chromosomal genes had altered expression patterns in the paternal lineage males. This transgenerational difference in the DEHP impact can be attributed specifically to the Y chromosome.
Results
Prenatal exposure to DEHP affects the body and gonadal weights and testosterone levels of the F3 generation in a lineage-and dose-dependent manner. Pregnant female mice (F0) were orally dosed from gestational day (GD) 11 to the day of birth with either the vehicle control (tocopherol-stripped corn oil), 20 µg/kg/day, or 200 µg/kg/day of DEHP. We chose to dose between GD 11 until birth because this is a critical time for both gonadal development and establishing the germline epigenome 50, 51 . Therefore, any alterations caused by the exposure to DEHP may impact the gonadal function of the F1 and future generations. To produce the paternal male line, young adult F1 males were mated with non-treated females to generate F2, and the resulting young adult F2 males were bred with non-treated females to generate F3 generation males. Similarly, maternal lineage F3 males were produced by breeding F1 females with non-treated males and the resulting F2 females were then bred with non-treated males to generate F3 males (Fig. 1) . The paternal and maternal F3 generation males were used to assess the transgenerational impact of DEHP exposure.
Paternal lineage F3 male mice from the 20 µg/kg/day DEHP treatment group had heavier body and gonadal weights than the controls (P = 0.04, P = 0.03; respectively) ( Fig. 2A,B , n = 5 to 7 males/treatment). In contrast, no significant differences in body and gonadal weights were seen between control and maternal lineage F3 DEHP males. The 200 µg/kg/day DEHP treatment group did not show an alteration in their gonadal and body weights in males from either lineage. These results show that prenatal exposure to DEHP impacts gonadal and body weights in a lineage-and dose-dependent manner. Serum testosterone levels of paternal lineage F3 DEHP males of the 20 μg/kg/day and 200 μg/kg/day DEHP were significantly lower (P = 0.01, P = 0.05; respectively) compared to the controls (Fig. 2C) . A similar trend was seen in the maternal lineage F3 males, even though the difference did not reach statistical significance in the 200 μg/kg/day DEHP lineage males (Fig. 2C) .
Prenatal exposure to DEHP decreases the fertility of F3 generation males in a lineage-and dose-dependent manner. The transgenerational effects of DEHP exposure on overall gonadal function were assessed by fertility tests. To assess fertility, three-month-old proven breeder female CD-1 mice were purchased from Jackson Laboratory (Bar Harbor, MA) and given a week-long acclimation period. At the age of six months, F3 DEHP males of maternal and paternal lineages were housed with proven breeder females for two weeks and their fertility-related indices were measured (Fig. 2D , n = 5 to 7 males/treatment). Paternal lineage F3 DEHP males that were from F1 males prenatally exposed to 20 µg/kg/day DEHP showed lower fertility compared to the controls (P = 0.03). However, the fertility of the maternal lineage F3 DEHP males was not different from those of the controls (Fig. 2D) . The litter size of both the paternal and maternal lineage F3 DEHP male groups was not different from that of the control (Fig. 2E) . The paternal lineage F3 males from the 20 µg/kg/day DEHP group had a significantly lower female-to-male ratio compared to the control group (P = 0.04) (Fig. 2F ).
Prenatal exposure to DEHP decreases the steroidogenic capacity of F3 generation males in a lineage-and dose-dependent manner. The lower testosterone level in the serum prompted us to determine if the testosterone synthesis pathway was transgenerationally affected by the DEHP exposure in a lineage-dependent manner. As the serum testosterone level is predominantly regulated by testicular testosterone synthesis 52 , the expression patterns of the genes that are involved in testosterone synthesis were measured by quantitative PCR. The paternal lineage F3 males of the 20 µg/kg/day and 200 μg/kg/day DEHP treatment groups had significantly lower Star and Hsd17β1 expression levels than the controls [20 µg/kg/day DEHP group (P = 0.01, P = 0.008), and 200 µg/kg/day DEHP group (P = 0.02, P = 0.05), respectively] (Fig. 3A) . In the maternal lineage F3 males, only those from the 20 µg/kg/day DEHP dose group showed a significantly lower Hsd17β1 expression (P = 0.04) compared to the control group (Fig. 3A) . The expression of Cyp17a1 and Hsd3b1 was not altered in either group of F3 lineage males.
Prenatal exposure to DEHP alters blood testes barriers gene expression in the F3 generation males. In the testes, the blood testes barrier (BTB) is created by adjacent Sertoli cells that prevent diffusion of any harmful substances to the inside of the testes 53, 54 . The BTB also plays a crucial role in spermatogenesis and differentiation of spermatogonia into spermatocytes 53 . The expression of BTB tight junction components (claudin 11, occludin, Zo-1, and F11R) were assessed by quantitative PCR (Fig. 3B , n = 5 to 7 males/treatment). Paternal lineage F3 males from the 200 μg/kg/day DEHP dose group had a significantly lower expression of claudin 11, occludin, Zo-1, and F11R compared to the control group (P = 0.05, P = 0.03, P = 0.05, P = 0.02, respectively). Moreover, the 20 μg/kg/day DEHP treatment group had significantly lower occludin and claudin 11 mRNA expression compared to controls (P = 0.01, P = 0.008, respectively) ( Fig. 3B) . In contrast, in the maternal lineage F3 males, only the 20 μg/kg/day DEHP group had a lower occludin expression (P = 0.0 (5compared to control group (Fig. 3B) . The mRNA expression of claudin 11, Zo-1, and F11R was not altered in the maternal lineage F3 DEHP males. Utilizing immunohistochemistry, we examined SOX9 expression (Sertoli cell marker) in the The pregnant female mice (F0) were orally dosed with (tocopherol-stripped corn oil (control), or 20 µg/kg/day or 200 µg/kg/day of DEHP from gestational day (GD) 11 to the day of birth. Adult F1 males/females were mated to produce F3 males from paternal and maternal lineages. To examine DEHP transgenerational transmission through the paternal lineage, seven adult F1 males from different litters were randomly selected and naturally mated with non-treated females to generate F2 males for the paternal lines. When the F2 generation males were three months old, seven males from different litters were mated with non-treated females to create the F3 generation from the paternal lineage. By the same pattern, to examine the DEHP transgenerational transmission through the maternal lineage, seven adult F1 females were mated with non-treated males to generate F2 males from the maternal lineage. When the F2 generation females were three months old, seven females from different litters were randomly selected and mated with nontreated males to create the F3 generation males from the maternal lineage. testes because Sertoli cells constitute BTB in the seminiferous tubules ( Fig. S1 ). The testes of the paternal F3 male showed decreased number of SOX9-positive cells (Sertoli cells) and the distribution was disorganized compared to control. Expression of SOX9 was reduced in the testes of paternal F3 males compared to control testes.
Prenatal exposure to DEHP decreased the spermatogenesis of the F3 generation in a lineagedependent manner. The impact of prenatal exposure to DEHP on the testes and epididymides of F3 males was microscopically examined. The seminiferous tubules of the controls showed active spermatogenesis ( Fig. 4A1 , n = 4 to 5 males/treatment), and the epididymis contained dense sperm populations (Fig. 4B1 ). However, the testes of the F3 paternal lineage of the 20 µg/kg/day and 200 μg/kg/day DEHP treatment groups exhibited impaired spermatogenesis and degenerative seminiferous tubules (Fig. 4A2,A3 ). Maternal lineage F3 DEHP males also showed degenerative changes on the testes, but to a lesser degree than the paternal F3 males (Fig. 4A5,A6 ). In the epididymides of both paternal and maternal lineage DEHP males, sloughed germ cells were seen in the lumen (Figs. 4B, S2). Of note, one mouse from the 20 µg/kg/day DEHP F3 males of paternal lineage had testicular atrophy, spermatocele, and sperm stasis with complete absence of sperm in the epididymis (Fig. 4C) . Quantitative histological analysis revealed that the paternal lineage F3 DEHP males had a higher number of pathological abnormalities than maternal lineage males ( Table 1) .
Prenatal exposure to DEHP decreased the sperm quantity and quality of the F3 generation in a lineage-and dose-dependent manner. Epididymal sperm concentration and sperm motility were assessed by CASA at 15 months of age. Sperm concentration was significantly decreased in the paternal lineage F3 males of the 20 μg/kg/day and 200 μg/kg/day DEHP groups (P = 0.001, P = 0.005; respectively) compared to the control (Fig. 5A , n = 5 to 7 males/treatment). The maternal lineage F3 males of 20 μg/kg/day DEHP group had also a lower sperm concentration, but to a lesser degree than paternal lineage males (P = 0.03). Interestingly, in the paternal lineage F3 males, exposure to 20 μg/kg/day of DEHP led to significantly lower percentages of motile sperm (P = 0.03), but no such decreased motility was seen in maternal lineage males (Fig. 5B ). The percentage of progressively motile sperm was decreased in the 20 μg/kg/day and 200 μg/kg/day DEHP groups (P = 0.01, P = 0.05; respectively), and increased numbers of immotile sperm were seen in the 20 µg/kg/day, 200 µg/kg/day groups (P = 0.03, P = 0.04, respectively) in the paternal lineage F3 males (Fig. 5C ). However, no differences were observed in the sperm motility parameters in the maternal lineage F3 DEHP males (Fig. 5B,C) . 
Prenatal exposure to DEHP altered testicular cAMP signaling pathway of the paternal lineage F3 generation. Steroid hormone biosynthesis in Leydig cells is regulated through hormone activation of Cyclic AMP
(cAMP) signaling pathways 56 . The decreased testosterone level and steroidogenic gene expression prompted us to examine if the cAMP signaling pathway was transgenerationally affected by the prenatal exposure to the DEHP in a lineage-dependent manner. Pathway analysis using the RNA sequencing data revealed a significant down-regulation of mRNAs for protein kinase type I (Prkg1), translocator protein (Tspo), cytochrome P450, 11a1 (Cyp11a1), cytochrome P450, 17a1 (Cyp17a1), and hydroxy-delta-5-steroid dehydrogenase 3 beta1 (Hsd3b1) of the paternal lineage DEHP F3 males compared to the control, but no such difference was seen in the maternal lineage males (Fig. 6A) . The expression levels of Prkg1 and Tspo were down-regulated in the paternal lineage F3 DEHP males compared to the controls. Importantly, Tspo is involved in regulating cholesterol transport across the mitochondrial membranes 57 . Furthermore, Prkg1 in the Leydig cells plays an important role in phosphoprotein and activation of Star initiated testicular steroidogenesis 58, 59 . Principal coordinate analysis (PCoA) showed a variation of 86.2% between controls and DEHP F3 paternal lineage, but only 6.32% variation between control and DEHP F3 maternal lineage (Fig. 6B) , indicating that cAMP signaling pathway was heavily impacted in paternal lineage, but not in maternal lineage testis. Our results indicate that prenatal DEHP exposure transgenerationally impacts Tspo and Prkg1 expression in Leydig cells, which may inhibit testosterone synthesis in paternal lineage F3 DEHP males. www.nature.com/scientificreports www.nature.com/scientificreports/ F3 males. This lineage-dependent transgenerational transmission led us to see if sex chromosome genes were responsible for such differences. The expression patterns of the sex chromosome genes were examined using the testicular RNA-seq data. In the paternal lineage F3 males of the DEHP exposed group, the expression of the sex-determining region of Chr Y gene (Sry) was down-regulated, whereas other Y-chromosome genes such as eukaryotic translation initiation factor 2 (Eif2s3y), chromodomain protein, Y chromosome-like (Cdyl), and Zinc finger protein 2 (Zfy2) genes were up-regulated compared to the controls. In contrast, the expression of these genes was not affected in maternal lineage F3 males compared to controls (Fig. 7A) . PCoA analysis showed a variation of 98.08% on the expression pattern of Y-chromosome genes between the controls and paternal lineage F3 males of DEHP group (Fig. 7B) , indicating that prenatal exposure to DEHP disrupts Y chromosome genes expression in the paternal lineage F3 males, but not in the maternal lineage. On the contrary, the expression patterns of X-chromosome genes in the paternal lineage F3 males and maternal lineage F3 males of DEHP groups were not different from those of the controls (Fig. 7C ). PCoA analysis showed that all the three groups clustered together (Fig. 7D) , confirming that no differences were found in the expression pattern of X-chromosome genes.
Epididymis

Discussion
It is known that prenatal exposure to DEHP impacts fertility and reproduction of the third (F3) generation 37, 38, 48, 60, 61 . Previous studies showed that prenatal exposure to DEHP transgenerationally disrupts testicular germ cell organization and spermatogonial stem cell function in F3 generation males 32, 38 . Interestingly, the impacted future generations display a wide range of heterogeneity in their reproductive traits. In this study, the role that Y chromosome plays in creating such heterogeneity was explored by testing the hypothesis that the Y chromosome serves as a carrier of the exposure impact to future generations. Our results show that paternal lineage F3 DEHP males exhibited fertility, testicular steroidogenic capacity, and spermatogenesis outcomes that were more severely impaired than those of maternal lineage F3 males.
In this study, pregnant female mice were orally exposed daily from embryonic day 11 until birth to vehicle control or either 20 μg/kg/day or 200 μg/kg/day of DEHP. The paternal and maternal F3 generation males were used to assess the transgenerational impact of DEHP exposure. Our study showed that paternal lineage F3 male mice from the 20 µg/kg/day DEHP dosing group had body and gonadal weights that were significantly heavier than those of the control mice ( Fig. 2A,B) . In contrast, there were no changes to body or gonadal weight of maternal lineage F3 DEHP males compared to controls, indicating a paternal transmission of the phenotypes to the paternal F3 males. These impacts in the paternal lineage males suggest that the transgenerational effect is carried 62, 63 . The increased body weight was expected because previous studies reported that both current and future generations that prenatally exposed to DEHP tend to have heavier body weights and develop obesity 38, 64 . Furthermore, our previous study showed that prenatal exposure to DEHP increased the gonadal weight of F1 male mice 33 . Indeed, a previous study showed the first evidence that the obesity-resistant phenotypes are transmitted through the paternal lineage, but not the maternal lineage using an obesity-resistant 6C2d congenic strain 63 .
We also observed that paternal lineage F3 males from the 20 μg/kg/day and 200 μg/kg/day DEHP treatment groups had lower serum testosterone levels than the controls. In contrast, in the maternal lineage F3 males, only the 20 µg/kg/day group showed a decrease in testosterone level compared to controls. These findings are in agreement with previous reports documenting the transgenerational effects of DEHP on testosterone production 65 . Previous studies showed that prenatal exposure to DEHP causes androgen deficiency during embryogenesis in both animals and humans 66 , and that the DEHP impact on testosterone production mainly results from excessive production of reactive oxygen species (ROS), contributing to Leydig cell dysfunction [66] [67] [68] .
Fertility of the F3 generation males was tested to determine the ultimate consequence of ancestral DEHP exposure on reproductive function. Paternal lineage F3 males in the 20 µg/kg/day DEHP group showed lower fertility compared to controls, whereas no changes were found in the higher dose group (200 µg/kg/day) (Fig. 2D) . Notably, there was no change in the fertility of maternal lineage F3 DEHP males compared to controls, indicating a lineage-dependent transmission of the phenotype. This result is in line with the findings of our previous study that examined the impact of prenatal exposure to DEHP on the F1 male fertility in mice 33 . The lower fertility in the paternal line may be caused by a problem in sperm motility or sperm DNA fragmentation as a recent study showed that DEHP exposure leads to reduced sperm motility and increased sperm DNA fragmentation 69 . Another possibility is decreased sperm capacitation, a process that is regulated by the cholesterol contents in the sperm membrane 70 . In support, in the paternal lineage F3 DEHP males, Tspo expression was downregulated, indicating altered cholesterol contents in the sperm membrane and therefore, sperm capacitation. Taken together, the decreased epididymal sperm motility, the histopathological changes seen in seminiferous tubules, and potentially decreased sperm capacitation may collectively contribute to the lower fertility in the paternal lineage F3 DEHP males.
Previous studies showed that treatment of pregnant females with DEHP resulted in nonlinear, U-shaped, dose-response effects on number of pups and sex ratio in newborn offspring 24, 33, [71] [72] [73] [74] . Our findings indicate that the pattern of nonlinear dose-response seen in the first generation is transmitted to the future generations. Of note, the effects of EDCs are dependent on dose, and importantly, low (physiological) doses can be more effective at altering some endpoints compared with high (toxicological) doses 75 . EDCs, including DEHP, have been shown to exhibit both low-dose and non-monotonic (non-linear) dose effects 75 , possibly by different mechanisms of action at each dose 75 . EDCs mimic endogenous hormones and therefore at low doses, EDCs may act by binding to hormone receptors in a manner similar to that for endogenous ligands 75 . Many well-characterized mechanisms for these dose-specific effects include receptor down-regulation at high doses versus up-regulation at low doses 76 . Although transgenerational exposure to phthalates has been shown to have both low-dose and non-monotonic effects, the mechanism for these effects is still largely understudied 33, 34, [77] [78] [79] .
The low testosterone levels seen along with low fertility in the F3 DEHP males led us to examine whether their machinery for testosterone production was impaired in those males. Testicular steroidogenesis is an important process for synthesizing testosterone, and any dysfunction on this pathway could impact male fertility 52,80-82 . The paternal lineage F3 males in the 20 µg/kg/day and 200 μg/kg/day DEHP groups had significantly lower Star and Hsd17β1 mRNA expression levels than controls. In contrast, in the maternal lineage F3 males, only those from the 20 µg/kg/day DEHP group showed a significantly lower Hsd17β1 expression compared to controls. Collectively, these results indicate that paternal F3 DEHP males may have higher transgenerational impact on steroidogenic capacity than F3 maternal lineage males. Star is responsible for cholesterol transport into the inner mitochondria and its down-regulation is associated with reduced cholesterol uptake, leading to decreased testosterone synthesis 83, 84 . Taken together, these results suggest that the low serum testosterone levels seen in the paternal F3 DEHP lineage males may be primarily due to adversely affected testicular steroidogenesis. Our results are consistent with the results of a previous report that observed transgenerational decrease in steroidogenic enzyme expression in DEHP exposed groups 35, 36 .
The decreased testosterone level and steroidogenic gene expression prompted us to determine if the cAMP signaling pathway was transgenerationally affected by the DEHP exposure in a lineage-dependent manner. Our results showed that the cAMP signaling pathway was transgenerationally affected by prenatal exposure to the DEHP in a lineage-dependent manner. The expression levels of Prkg1 and Tspo were down-regulated in paternal lineage F3 DEHP males (Fig. 6) . Importantly, TSPO is involved mainly in regulating cholesterol transport across the mitochondrial membranes 57 . It has been shown that the levels of the TSPO protein in Leydig cells were decreased in testes of adult mice exposed to DEHP compared to controls 85, 86 . Furthermore, PRKG1 in Leydig cells plays an important role in phosphoprotein and activation of Star initiate testicular steroidogenesis 58, 59 . Our results indicate that prenatal DEHP exposure transgenerationally impacts Tspo and Prkg1 expression in Leydig cell, which may alter testosterone synthesis in paternal lineage F3 DEHP males. However, Prkg1 and Tspo gene expression in the testes of maternal lineage F3 DEHP males was not different from those of the controls, indicating that ancestral exposure to DEHP disrupts the cAMP signaling pathway in DEHP paternal lineage F3 males, but not in maternal lineage males, showing a lineage dependent transmission of the exposure effect.
We examined the possibility of impaired BTB as a factor contributing to the decreased fertility in the F3 DEHP males. Particularly, we were interested in tight junction proteins because they are the key components of BTB, and any disruption of BTB function or integrity leads to testicular injury and infertility 87 . As a result, the expression levels of claudin 11, occludin, ZO-1, and F11R were decreased in the paternal lineage F3 DEHP males compared to the controls (Fig. 3B) . In contrast, in the maternal F3 lineage males, only the 20 μg/kg/day group had a lower Occludin expression compared to controls, indicating that DEHP F3 paternal lineage males may have more severe impact in their BTB gene expression than maternal F3 lineage males. Indeed, when we stained testis tissue sections with anti-SOX9 antibody (Sertoli cell marker), fewer SOX9-positive cells were seen in the testes of paternal lineage F3 males compared to control testes, and the distribution of the SOX9-positive cells was disorganized (Fig. S2 ). Interconnected Sertoli cells constitute BTB in the testis. Therefore, fewer and disorganized Sertoli cells indicate that the BTB might be disrupted in the paternal lineage DEHP males, consequently affecting spermatogenesis. Interestingly, the testes of paternal lineage F3 DEHP males had more pathological abnormalities than those of maternal lineage males ( Table 1 ), suggesting a paternal transmission of the phenotypes to the F3 males. These results are consistent with a recent rat study that found that DEHP exposure led to decreased occludin expression compared to control in the F1 generation 88 . Because adequate testosterone levels are required for germ cell attachment in seminiferous tubules 88 , the decreased testosterone levels and impaired BTB might contribute to the germ cell detachment and subsequent germ cell apoptosis as seen in previous studies 32, 89, 90 . Indeed, paternal lineage F3 DEHP males had a lower number of sperm with progressive motility and higher numbers of immotile sperm compared to controls. However, the sperm motility of maternal lineage F3 males was not different from that of the controls (Fig. 5 ). Furthermore, sperm concentrations were lower in the paternal and maternal F3 DEHP males than in the controls (Fig. 5) . Testosterone level affects sperm motility 91 , hence it is likely that decreased testosterone caused by ancestral DEHP exposure may be partly responsible for the decreased sperm motility. The decreased epididymal sperm motility and the histopathological changes seen in seminiferous tubules could be a factor contributing to the lower fertility observed in the paternal F3 lineage DEHP males. Collectively, DEHP exposure appears to give a lineage-dependent transgenerational impact on BTB integrity that results in more testicular dysfunction and impaired sperm motility on paternal lineage F3 DEHP males compared to those of maternal lineage. The impaired fertility in the paternal F3 DEHP males led us to examine if the testicular gene expression was impaired in those males. Testicular Dynlt1a gene expression was significantly decreased in the paternal lineage F3 DEHP males compared to controls. Interestingly, Dynlt1a gene expression of maternal lineage F3 DEHP males was not different from the controls. Dynlt1a gene is present in sperm tails, and it is expressed mainly in testis at 200-fold higher levels than in other adult tissues [92] [93] [94] . Furthermore, the Dynlt1a gene has been linked with male germ cell development and function in mice, and any defects in Dynlt1a expression have been linked to defective spermatogenesis in both mouse and Drosophila 55 . Because germ cell maintenance and function are affected by Dynlt1a expression, it is likely that decreased Dynt1a resulting from ancestral DEHP exposure may be partly responsible for the decreased sperm motility and fertility in paternal F3 DEHP males. Furthermore, testicular zinc finger protein (Zfp33b, Zfp811, Zfp354b) was significantly decreased in the paternal lineage F3 DEHP males compared to controls ( Table 2) . Interestingly, Zfp gene expression of maternal lineage F3 DEHP males was not different from the controls. Testicular zinc finger protein is a polypeptide comprising 924 amino acid residues 95 , and its transcript is expressed during spermatogenesis 96 . ZFP genes have been found to participate in various biological processes, including signal transduction, transcriptional regulation, RNA binding and morphogenesis, and stress response 97 . A previous study reported that deficiency of Zfp in pachytene spermatocytes resulted in undifferentiated spermatogenic cells and decreased male fertility 97 . Additionally, testicular kallikrein 1-related peptide (Klk1) expression was significantly decreased in the maternal and paternal lineage F3 DEHP males compared to controls ( Tables 2, 3 ). Kallikrein is a glycoprotein involved in the enzymatic activation of kininogens that play a role in sperm motility by stimulating sperm metabolism 98 . Whether this male reproductive dysfunction is an outcome of the defective gene expression of Dynlt1 and Zfp in the paternal germline is yet to be determined.
Collectively, reproductive phenotyping of F3 males shows that prenatal DEHP exposure impacts male fertility, testicular steroidogenesis, and BTB integrity in future generations, preferentially via paternal lineage over maternal lineage. This paternal lineage-dependent transmission strongly supports our hypothesis that the Y chromosome serves as a carrier of the ancestral exposure impact to the future generations. Indeed, in the paternal lineage F3 DEHP males, the mRNA expression of Sry was down-regulated, whereas other Y chromosome genes such as Eif2s3y, Cdyl, and Zfy2 genes were up-regulated compared to the controls. In contrast, the expression of these genes was not altered in maternal lineage F3 DEHP males. On the contrary, the expression patterns of X-chromosomal genes in the paternal lineage F3 males and maternal lineage F3 DEHP males were not different from controls. Altered expression of Y-chromosomal genes in the paternal F3 DEHP males is likely associated with the www.nature.com/scientificreports www.nature.com/scientificreports/ lineage-dependent transgenerational transmission phenotype. Notably, male-specific regions of the Y chromosome have been shown to play a critical role in maintaining the fertility through regulation of spermatogenesis 99 . The Sry gene is essential for testis development and differentiation and it is expressed in adult testis and even in ejaculated spermatozoa 100 . The Cdy1 gene is expressed only in testis and it is involved in hyperacetylation of histones during the maturation of spermatids at the final stage of spermatogenesis 101 . Furthermore, Zfy2 is required for multiple aspects of spermatogenesis, especially for spermatocyte function 102 . Alteration of Y-chromosomal gene expression has been linked to defective spermatogenesis, which could impact testicular development and function 103 . Indeed, early-life DEHP exposure is known to involve epigenomic reprogramming during gonadal development 104 . Therefore, when DEHP-induced epigenetic changes are introduced during early development, they may permanently alter the epigenome in the germ line (both eggs and sperm), and these changes can be transmitted to subsequent generations 36 .
Collectively, F3 DEHP males from both paternal and maternal lineages had lower testosterone levels and sperm concentrations. However, paternal lineage F3 DEHP males exhibited lower fertility, testicular steroidogenic capacity, and spermatogenesis than those of maternal lineage males. These lineage-independent as well as lineage-dependent transgenerational effects suggest that while autosomes and X-chromosomes may serve as the carriers of the impact of the exposure, the Y-chromosome is a definite carrier of the exposure impact. Future studies should examine if Y chromosomal genes undergo epigenetic changes upon embryonic exposure to DEHP and if so, how that happens. Tocopherol-stripped corn oil (the vehicle) was purchased from MP Bio Medicals (Solon, OH). Stock solutions of DEHP were prepared by diluting it in the vehicle to obtain the desired concentrations. The lowest DEHP dose (20 µg/kg/day) was selected because it is the US Environmental Protection Agency (EPA) reference dose for human exposure 15 , and this dose has been previously shown to affect female reproductive parameters 105 . The 200 µg/kg/day was selected because prenatal exposure to these levels has been shown to affect reproduction and induce premature reproductive senescence in male mice 33, 65, 106 . Further, occupational exposure has been shown to reach these levels 107 . www.nature.com/scientificreports www.nature.com/scientificreports/ Animals and dosing regimen. All animal procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the University of Illinois at Urbana-Champaign (UIUC). Animal handling and procedures were approved by the UIUC Institutional Animal Care and Use Committee (Animal Protocol ID #: 14144). Adult male and female CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA). Mice were acclimated to the UIUC animal care facility for at least two weeks before use under 12-hour light/dark cycles. The mice were provided with Teklad Rodent Diet 8604 (Harlan) and had free access to food and high-purity water (reverse osmosis filtered) ad libitum. 21 pregnant female dams (F0) were prepared by mating two-month-old females with proven breeder males. A female was considered pregnant when a vaginal sperm plug was detected, at which point females were separated from males and individually housed. These dams were considered to be the F0 generation. On GD 11, F0 dams were randomly assigned to three different treatment groups (7 F0 dams/treatment group) and then they were dosed every morning at the same time until the dams gave birth to pups. The pregnant female mice (F0) were orally dosed with the vehicle control (tocopherol-stripped corn oil), 20 µg/kg/day, or 200 µg/ kg/day of DEHP by placing a pipette tip into the mouth as previously described 105 . We chose to dose between GD 11 and birth because this is a critical time for epigenetic remodeling and gonadal development in mice 50, 51 . Therefore, this exposure time provided a vulnerability for the disruption of normal epigenetic signals and the appearance of adverse effects from DEHP exposure. The pups born to the F0 dams were considered the F1 generation. Therefore, the F1 generation was exposed to DEHP in utero.
Materials and Methods
To examine DEHP transgenerational transmission through the paternal lineage, seven adult F1 males from different litters were randomly selected and naturally mated with non-treated females to generate F2 males for the paternal lines. When the F2 generation males were three months old, seven males from different litters were mated with non-treated females to create the F3 generation from the paternal lineage. By the same pattern, to examine the DEHP transgenerational transmission through the maternal lineage, seven adult F1 females were mated with non-treated males to generate F2 males from the maternal lineage. When the F2 generation females were three months old, seven females from different litters were randomly selected and mated with non-treated males to create the F3 generation males from the maternal lineage (Fig. 1) . The F3 generations of maternal and paternal lineages were not exposed directly to DEHP. The paternal and maternal F3 generation males were used to assess the transgenerational impact of DEHP exposure. Our previous study showed that prenatal exposure to DEHP accelerates reproductive aging and induces premature reproductive senescence in male mice 33 . We followed the F1 generation males to 22 months old, as no obvious phenotype was seen at younger ages. Therefore, in this study, we kept the F3 males for more than one year so that we could follow their reproductive function at similar time-points as assessed in the F1 generation.
Body weight and tissue collection. At 15 months of age, F3 mice were euthanized by CO 2 asphyxiation followed by cervical dislocation, and tissues were collected. Body weight (g) and gonadal (mg) weight were determined. After the mice were euthanized, the testes and epididymis were removed, cleaned, and weighed. One testis was fixed in Bouin's solution to use for histological evaluation as described below. The other testis was snap-frozen and stored for genomic analysis. Blood was also obtained during collections, and sera were used for hormone assays as described below.
Measurement of serum testosterone concentration.
Peripheral blood was collected at 15 months of age by cardiac puncture. The blood was centrifuged at 2000 × g, and then serum was collected and preserved at −20 °C until further analyses. ELISA kits (DRG Diagnostic) with a reportable range of 0.06-25 ng/ml were used to measure the concentrations of circulating testosterone. The intra-and inter-assay coefficients of variability were less than 10%.
Fertility test (mating study). To assess fertility, three-month-old proven breeder female CD-1 mice were purchased from Jackson Laboratory (Bar Harbor, Maine) and given a week-long acclimation period. At six months of age, each F3 male mouse of maternal or paternal lineage was housed with a breeder female for two weeks or until a vaginal sperm plug was observed. The fertility percent (number of males that produce litter/total number of males × 100), litter size (number of pups per litter), and sex ratio (numbers of female/numbers of male pups) were recorded as described in previous studies 108 .
Steroidogenic gene and blood testes barrier gene expression analysis.
Testes were collected at 15 months of age and snap-frozen for quantitative real-time polymerase chain reaction (qPCR) analysis. Total RNA was extracted using TrizolVR solution (Ambion, Carlsbad, CA) and then purified with a RNeasy Kit (Qiagen, Valencia, CA). Concentration and quality of total RNA was analyzed using a Nanodrop (Thermo Scientific, Waltham, MA) and stored at −80 °C until use. Complementary DNA was generated by M-MLV Reverse Transcriptase (Thermo Scientific). PCR reactions were performed with Power SYBR Green PCR Master Mix (Applied Biosystems) according to the manufacturer's protocol. Fluorescence was measured using the ABI prism 7500 quantitative real-time thermocycler (Applied Biosystems). PCR primers used in this study are presented in Table 4 .
The mRNA expression levels of steroidogenic acute regulatory protein (Star), cytochrome P450 cholesterol side-chain cleavage (Cyp11a1), 3β-hydroxysteroid dehydrogenase 1 (Hsd3b1), 17β-hydroxysteroid dehydrogenase 1 (Hsd17b1), and cytochrome P450 aromatase (Cyp17a1) were measured by real-time PCR. The blood-testis barrier gene expressions (claudin 11, occludin, ZO-1, and F11R) 87 was also examined. Expression data were generated using the mathematical standard comparative (ΔΔCt) method. Data from each gene were normalized to the corresponding value of ribosomal protein L19 (Rpl19) and used as the internal control to calculate relative fold changes, which were used for statistical analysis. The ΔCt was calculated by subtracting the L19 Ct value from the Semen analysis. Semen was analyzed at 15 months of age in the F3 generations of paternal and maternal lineages. For semen analysis, the cauda of the left epididymis was excised and minced with fine scissors in a warm (37 °C) phosphate-buffered saline. The sperm suspension was incubated at 37 °C for 10 minutes to allow spermatozoa to swim out of the minced epididymis. Sperm motility was then analyzed by a computer-assisted sperm analyzer (CASA; Sperm Vision II, Minitube of America, Vernon, WI, USA). Sperm suspensions were loaded onto pre-warmed chamber slides (depth, 100 μm) (Leja slide, Spectrum Technologies, USA) and placed on a warmed microscope stage at 37 °C. At least ten microscopic fields, covering the entire viewable area of the semen analysis chamber without overlapping successive fields, were examined 33 . Sperm motility was measured by the percentage of motile sperm, percent of progressive motile sperm, and percentage of immotile sperm 111 .
For total sperm counts, two aliquots of semen samples were collected from each mouse and diluted in 1:200 of formalin for immobilization. Sperm numbers were counted using a hemocytometer and the average number of sperm concentration per milliliter was calculated and reported as million sperm/mL 111 . To determine the degree of morphological abnormalities, wet mount sperm slides were prepared on clean, grease-free slides containing buffered formalin with eosin nigrosine stain. We then examined 100 sperm per sample under an oil immersion lens using a light microscope 112 .
RNA sequencing analysis. Frozen testes collected at 15 months of age from the control group and the 20 µg/kg/day group (n = 3 testes/treatment group) from the maternal and paternal F3 males were used for RNA sequencing. Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA) and purified through RNeasy columns (Qiagen, Valencia, CA) according to the manufacturer's directions. The integrity of total RNA was verified by visualizing the intact and distinct 28S and 18S rRNA bands on a 1.5% agarose gel. Concentrations of RNA were measured with a NanoDrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA). RNA sequencing was then performed at the Genomic Services laboratory of the Roy J. Carver Biotechnology Center at the University of Illinois at Urbana-Champaign.
Raw reads were checked for quality using FASTQC (v 0.11.5), then trimmed and filtered using Trimmomatic (v 0.36) to remove residual adapter content, low-quality bases (Phred quality score <28), and resulting reads Table 4 . Primer sequences used for RT-PCR.
shorter than 30 nt. Trimmed/filtered reads were aligned to NCBI's Mus musculus GRCm38.p6 genome and gene model annotation release 106 using STAR (v 2.5.3a). Post-alignment gene counts were then determined for each NCBI EntrezGene ID using feature Counts from Subread (v 1.5.2-pl) with multi-mapping reads excluded. The raw read counts were input into R (v 3.4.3) 113 for pre-processing and analysis together using Bioconductor packages 114 as listed below. There were ~25 million reads aligned uniquely within the 41,595 M. musculus genes. The read counts were normalized by log2 counts per million (log-CPM) values followed by the exclusion of very lowly expressed genes with a negative log-CPM value using edgeR package (v 3.20.5) 115 . Differential expression analysis was conducted using the Voom-limma pipeline with empirical Bayes moderation 116 . The resulting P-values were adjusted using the Benjamini-Hochberg method. Results were expressed as the fold change (FC) of the average expression. A gene was identified as a DEG if its log2 (FC) was higher than 1 and false discovery rate (FDR; adjusted p-value) was lower than 0.05. Principle components analysis and clustering of the differential expression genes on different pathway were analyzed by using JMP 13 software (SAS Institute Inc., North Carolina, USA).
Statistical analysis. The data were analyzed using the statistical software package SPSS version 22. The comparison was between control and treated groups and the same age point, and the statistical sampling unit was the litter. Multiple comparisons between normally distributed continuous experimental groups were analyzed by the one-way analysis of variance (ANOVA) as a parametric test followed by the Dunnett (two-sided) post hoc test.
Multiple comparisons between non-normally distributed experimental groups were analyzed by Kruskal-Wallis as a nonparametric test. Fertility data in each treatment group were statistically compared to the control group using Fisher's exact test for each treatment group against the control group. The number of animals used for statistical analyses ranged between five to seven mice during the entire experimental period. The data are presented as mean ± SEM. Statistical significance was accepted when P values were less than or equal to 0.05.
